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fhe object ef thie thesic ia to fuvestigete the reported 
extetence ef sbnerend eleactic «ffects in nets] interfaces. 


ie generat two serarnte onthods of investiontion vere 
aseond, davined te aiemate any canis alaetios ty sontribated 
by the flat surfaces beyond the aren cf contset, eaployed two 
identical annaler soseinena placed end on end. 
beth predecad 
the following unuswel resulte vere chserved, Ae the normal 


tet the afteut of smd, shoves ant cunace fintsh on the 
imental datas. 


in view of the shove, it is resoswendsd that further 
etudics be ande using notals of different chysical eherec~ 
teristies. 
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Altheugh such information is svailable concerning the elastic 
behavior of talk uetals, data on the elastic behavior of aetel 
interfaces is outetanding by ite absence. 

ino paper 7), toatinson, Thespe, and Geagh reported ob- 
serving deflection between two motel rings vhen subjected to 
known torque far in exoess of that predicted by theory and the 
exeese wee greater than eould be aeeounted for by experiaental 
error. ‘Tincse thie chenosemen waa not directly conascted with the 
“gbjective of their work At was not investigated further. An clesent 
ef wncevtataty was assosiates wita thie repert simme ths deflection 
wes seesured by means of the some orm with whieh the tesque was 
applied. It was possible thet the excessive deflection reported 
could have been caused by bending of the torque arm. Nonetheless, 
the repert of this phenenenon was sufficientiy enticing te invite 
further iavestigation, 

Sowten una tador '*) show thet the setanl aren of contact 
Retwesn tue eurfecee 16 different fvem the apparent. Tale difference 
is caused by the aeperities te be found om all surfaces. 

Herring and Gnas '*) nove shown that very small motel epeci- 
aene (i.¢., aetel whiskers) eau tolerate auch larger strains with- 
oat slip then the belk seta]. 

inaenuch ae the volume of an eeperity ie emell, it is considered 
possible that, like the sctel whiskers, ite elestiec Limit is high. A 
study of the literatere did set reves) any investigetion of this 
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possibility other than the repert by Youlineon, Thorpe, and 
Seugh mentioned in the secend paragraph. fe ue this seemed to 
present @ challenge that wes interesting, provocative, and 
stimulating. 
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Since two experimental arracgenents were used in this work, 
Lt would be best to present these echemes separately. «> 

The first schome employed ie ililuctreted by Figure XIX in 
which the solid steel specimens teated wers machined froma SA% 
1020 sold relled steel steck. The ends of aont of the spect- 
nene were beveled to fora trunested cones which reduced the 
eentact surfaces and thereby increased th: normal stress in the 
interfeces. The contact surfaces were lapped to the entie’ 
finish with emery pelicsing pager of varying degrees of roagh- 
nees. ‘tho specimens ware firmly held in « ¥ee-type block during 
the lenping precess to make the test surfaces perpendicular to 
the epecimer axis. ‘The quality of the surface finish was checked 
eierosnopieally using « megnifiestion of 168m. 

when the desired finish was obteined, the average diuneter, 
4, an¢ sevel height, 2, (Figure XX) were meceured by ® micro 
scope equipped with an optic vernier permitting securaey to with- 
in .00007 of an inch, The ends of the specinene were mode Sdention! 
with regpect te dimensiones and surface finish. 

The next step was to locate the torque lever exectiy at the 
midpoint ef tha specimen te inoure that one half the applied 
torque would act on each interface. This was secemplished by 
aecguring the overall length and using » depth gage in positioning 
the lever which vernitted sceurney to the nearest .001 inch. 

Tae indioator erm wes then fastened om the speeiuen with four 
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set screws o9 that the plane of the set screws and Senne, the 
indicater, was pervendicular eo the apeciagn axie. The set 
screws used vere pointed te obtain a inife edge lime from which 
the twist wae tranesttted. The serevs were aleo barely tightened 
by hand to redues the indenteticonn to sare pin pointe. | 

“4th the positioning ecllar resting om the torques lever, the 
contact surfaces of the specinen em& herdened plates were el enned 
with solvent. The epwotmen war ther plaged on the lewor piste in 
the Kiehle testing esehing. The upper plete, «hich was dolted te 
the movetle heod of the testing machine, wae then lowered to a 
point slightly abeve the expecimen. The vertical was then checked 
by inserting « fealer gauge between the potitiening collar and the 
upper plete. An e7ial lead of one hundred sounds wae then spplhied 
to snehor the specimen daring the final adjustuents to the apparatus. 

Finelly the frictionless pulleys were located oo that the 
eilk targads, ~hich tranemit force to tha torque lever, wore 
perpendiouler to the lever in the vertices) ané Sorirestal plane. 

For each ran of & specinen © constont norms} load was applied 
ty the testing aschine. Torque ves next applied to the syecinen 
by adding equal weighte to the pans and the resulting twist read. 
After ench rending of twiat, the torque wae remcved to sen if the 
indicster returned te the rere position. Tnereasing torques were 
applied until the indtester failed te return to rere whieh showed 
that elip or pernanent deformation occurred in the interface ending 
the run. She normal lead wee increased Sefore anch of the succeeding 
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rane om the same srecimen until sufficient data was obtained. 

Twiet was read by seneuring the ection of the indicator 
are under © sicroecere equipped with an eptic vernier. The 
indiestor wea double-ended to avoid any possibility of an un- 
 belancing moment. ‘The first indicater ars used was seven inches 
long and the aagnification of the sicrestope was such that one 
scale unit of the optic vernier represented .002 inch of indicator 
novenant. | 

After completion of all rane on & syeciaen, the apperatus 
wae dismantled and the dixension 2 was acasured with the wiere- 
scope which peraitted aecaracy to within .00007 of an ineh 

& ganber of speeimens ware texted using thie echese; aAowe 
ever, an uncertainty existed as to how much twist, if any, could 
be attributed te the bardened steel plate. Consequently scheme 
two wae devised to aliminste this unimown factor. 

The second scheme saployed is illustrated im figure Xl, 
ia which the tubular estes] syecieens tested were sechined frea 
SAZ 1080 cold rolled stock. The specinens had on outer diameter 
of 1/4 ineh, on inner diasster of 6/32 inch, and @ length of one 
ineh. Two @pecinens «ith the ease surface finish were mounted 
end on, and « rod with « diameter slightly less than the inner 
Aieneter of the anmnuli wee threaded through the apparatus ae 
shown in Figure 3AI. The upper ond of the red was threaded inte 
® @ireular dise whieh rested om top of the upper specinen, the 
lower end extended for some distance below the specimens and 
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previded a seane for attaching weights to furnish the norma) | 
lond. 

Two 7-1/2" double-ended indicator arme were used, on on 
either side of the interfaces. As before they were attached ty 
pointed eet screwe ond the distesce between them mongured aicroe 
ecoptesliy after each ran. The ends of the arac were bent as 
shown te facilitate resding the sicroseepe. Seflections were 
obtained by reading the angle between the arne when no torqus 
wae epplied and them resding the angle after the torque had 
been applied. A simple subtenetion gave the deflection. As 
before, a check wag usde efter ench arpliestion ef a torque to 
eee tiet the arus returned to their initial settiag. 

Torques were applied in the sese uenner ae in the first 
method. 

An additions] advantage cbtainsd by use of this method was 
that it pernitted the ase of a centrol apeciaen. Thies consisted 
at walang ® single twe inch specimen while holding “11 other 
sondition: the sane as they were for the rans involving two one 
imeh specimens. The effect of the interfsee could thus be de. 
tersined by comparing the rame on the contro] specimen with the 
runs on the other e-ecinens. 

The observed deflection wes compared with the conputed de- 
flestion as predicted by elastic theory. In ali cases the ob- 
aerved was greater than the compated. This exeesa observed de- 
fleetion waich we snall seresfter refer to ee residual defleetion 
was plotted against the comouted saximum tengential stress in the 
interface. 
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The resalte of this investigation are shown in 
Figures I - XV111~4, inclusive. 
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Residual Twist (Min. of Arc) 


bel oo - nar oe 


7 
, 
pe 
- 
we 
_ o rf 
a iad 
' 3 : 
7 SS 4 7 


a 


‘fe a i 


- = 
4 A hey 


- i Le 
P< x rc 


a/ Stress, S, (PS/) x1o~% 


A 


F, 


Meximum Tengen 


ages cece: Stestettade states 
sssea gee: Ai pewen neem 
sane soaes 3 
raaea eaeen auen: sa aee Set eee oues! 
sesceaee: fesse sates tsses teat te a i 3a 
genes: ot aa segagaassasne: 
oH: pscasesces cas ssasuecs: 32 
joae9 Soeag see: sth = 
yaaad aaa: saams ae: 
: Jseaaasacuceses gogo sees. 
eed = 


0-0 Ges 
60 


Residual Twist CMin. of Arc) 


$444 
= hh ii 
ra Bivina wis 


oem Ya 


| t 
HY if 
eeee Bi K 
239 ceen! 
esd on UR! : 
nd ; 7 
ttt } 
899 BESO! tht 
eee vaes! ttt 


= 
LL 2 


ql ae 

Fa pee 

ea an eM ee 

ae 

——— 
| 


Seoes 
cesses 


GEE SEL cbs fd 
rr 
pee dele 


Hit 

HTH col : H fii 
wr ; ° 
for] foe) 


p.A/X (ISA) 45 SSar4g serpuabues WNnUIxep/ 


Residual Twist (Mia. of Arc) 


Moxttnan Tangential Stress, S, (PSI) x1o7 


HES 
EET THEE 


tt 
laa 


+ 
++ 


CHEE 
+t 


ie: ade 


fe eee a 
Haid ater a 


anes saees 
theres 


cussceseues 


peees 


ee 
eee 


ISESe SEOSt 

ooee Seees ss 
feeb rrepe cee 
2es SeSee Sees 


+rtt 


+ 
eters 


ese 
ttt 
ieee 


peast 


ttt 


Sees CeNeE CSET Spe 
seeas Cease caees ceaet 
Soaeheana peas =e 
SG88 FSHSS SEAS aaen: 


Residual Twist (MIN. of ARC) 


Meximum Tangentra/ Stress, S> (PSI) xso? 


on : robes cooks 


prtictt 


a 
pitas 


/ TA win Tengen 


Residual Twist (min. of 


Arc) 


ex 


pots polit (an | 

5 F nh, aa 34 
- - Fj a ia 

. rt 


74) 


ghey 


# 


CHREO ~ 


ead 


pedeee 
ttt 

+tt 

oe 

Tttt bee 
and saad + 
ttt + 
+3 iE 
;t ih 


c-K USA) “45 “Sant jerpuabuey wimumey 


Residual Twist (Mun of Arc) 


= 


Moeximum Tangential Stress, S; (PS1) x10 


0. Olsisi: 
00 


ae 
: aan a 


Fresidual Twist (Mun. of Arc) 


1S SaSee eSees 
Ty s3ees 
feats: 
ese cceueues 


eo WSs (5 pat 8 i 

raeaiecieeetette 
6OD PSE 
motel): 
af, LF al 


5 sie 
#0 


sf 


“3 
PS1) x10 
ential Stress, Sy © 
Tang 
Maimum 


| Min. of Airc) 
Presid! Twist (4m. 0 
eS. 


2a = $P. oo 
soaaiaee 


_ 
J 

| nr ae = 
7 » ont _ 

al _ y S 


eS z - on ce ir) 4b eee ew oe — 

oa a bf 4 ; _ ‘an = a : Le 

ees Ree eS 05 it 
| _ eae be. aie oT 


= — i 


DL 


tap 


PSSSe SSSSs Soeee 


_O1X (USA )) SSIMS serpvabue/ Wwnusxey 


= iti es at 
7 ; 


ar 
PO) PS 


WN: 

NY 
 - 

g 
~ 
< 


Residual Twist (Ma. oF Arc) 


= 7 ; ; c = * e 
=A a] 94 E Pre eo te 
i (reate 


. i? a = b 


hi 
2 
A 
al 
@ 
a 
al 


9 

{ 

6 

O47 ha 
€ 

® 

y 

A 
>° = ol 
A 


at 
R 


7 


Hise 


cA 


fia 


cee 


A isd) *G Ssayo jenuebve/ wnuivey 


ogee sovccccece 2g0ceccess 
oeee 


oe 
see 
peees 
- peeee eee 
sees Sees 
tote > 
(080 eee poos + 
oper topes ce pecce Soeee: 
:oe Seses epetee 
POSS 09.598 05888 59008 paese 
pS 8080 68908 S00es peees 
eee evens ooo se 
eee anil Sa cane TTTT rt 
pees . pease Seeee 
Sees ceend pSeae Gecee 
stttity 
pases 
pease ooes + 
tree 


id 


8 


Maximum Tangential Stress, S, (P81) 


etme — Mo | dnbery 


w wane js 
# 


jeese 
TIth 
6S siatiru 
pe sense por +-+-9 
aaa 


ay AP 
isita 


x 
9 


Marieoum Targentirl Stress, Sy CPS1) 


tua al. # 


ton Me y 
ee 


residual Twist (Min of Arc) 


i FOF Se ‘ 


Sears = ap ei 
a ie 


1200 


/0t0 


840 


x 
Ss 
PUES Ee eee HE 


8 


Moxmum Tangentia/ JSrress oy (P$/) 
3 
° 


360 


FREE TE | 


HL 
HE 


Se ee 


i 


EE TE ee Ee aE 


evecs 
seaes 
sesce 
eeces 
eesee 
esese 
guess 
saves 
easue 
eeses 
eusae 
eseus 
esese 
peruse 
ensee 
gueee 
oe 


EET RE EEE LE 


SEE TE TT TE Te 


ate 
gid 
5 e 
ean its 


Ee Te eT aE TE 
H 
+ 


+t 
aH 
bread EL eff 

tt 

ttt 


HETIL 

i 
rr] HE 
Hie 
Ht 
atte 
NTH 


3 Ht} 
EEE TE EE Te Te ee ee 
oe: eo e =ee8 
EE EE EE EE 


Pa 
REED bine eT tt 


a 


See 


i 


i 


HERE RTE He ta 


1 H 
HEE 
+4 
HATERS 
t? 


HE 


HE 


Le 


ie: 


44 
ad 
, 


hae 


Residue! Twist (am. of Arc) 


od a: 


trttett: 


weet 


Sp eo 


7 


ies 


thee 
peepoces 
tere 
tote 


are 
a ee 
faa 


3 


rage a 
peas 
ee 


Fresidval Twist (in. Ff Arc) 


i Crane a | a ‘alld agare % 


ee J eubehg on 


Maermum Tengen trl S tress, Sp CPS1) x10~* 


° 

+ - hte . th 

[See 

19906 98008 9RSSs BESeS S808 CESS: 
t 


tee deere tee tee 


Pitt 


tee 
sere 
pete 


+ 
+ 
tt 
eses 


trite ttttirrtines ttirtttitt 
a BE EHH Ht 
SSSSS SSSSS SOs SSS SSSSe SSS Seeee 


2 8S9 BESS seeee puese peeee 
968d 0 Sees SORA 
9899 S08e6 5g Ges naGSa Seat 
128 OGasa sees pees 8 Seat 


ISNSS BESTS BESTS Benes SNe 
ISSSS 5OSSS 8S088 20088 BSS08 
; tetibesespest efi settee 
eee cases oSeas cases eeees ce. 
13 S8e5 


peas Socesceuce ceact 
eSSe OSes Sesee . 
eee BOSS S8S0e BSe 

BESS £0080 Sense Sees 


pone peane eunes ace pees 

+t SSS SSSSS S0S00 See 

ones SSSe Geese SeSSs ceses 

tree ISSSS SSSSS SOSSS COC 
pease peees canes pee 
eens seetfeteedopes 
+h+e Sees eee: eect 
esos vrecheretteriy 


+ 


+e 


++ 
+e 
te 


pesos eaene 
thet br ere 
ah baad 
teeebiere 


tttttt tee be eee + 
pees BOSS SESE 06806 CSS! 

5S 89008 SSSSS CSSSS SS0e 
trritretteretterctteret 


pusesrese oaeee 
sete peste fe + 
++ tee 


ff 


fl 


Hs 
+++ 
++ 


tt 
it 
peaes bases 


frit: 


b te xbat Sx 


gesec es: TTI 
se 
e059 SoBe 
depedecee 
tee 


tf 


t 
} 


Poa 
heal T 


- 
wf 


7 

@ 
a 
ay A ns 
af a) 9a =~ 


(j 
- _ 


7 


Maximum Tangentra L Stress, 5, ,CPSID X 1073 


Y= 


caat 


0-6 o$ 
hesidual Twist (mi. of Arc) 


ie 


Aiea i ed 


5 t cc ad : find | > 

ye: ry 4b . x t i 
a : AL baa 3g 
ural 1 4 , 


; 
es oe 


> 


A] 
i 


x 


1 


PE Sef SRE SS 


SSSr OSS 


if 
’ } : 
; 

sees Coe ae 
; 


ee aanaaee 


e-/% (150) ¥ “SSOL4S JOlpuebve) Ut ukoy/ 


Q 
or 


i ED RDS Fa] OE TSS) 1S aS eee a 
SS Swen extas heooe outa. Sa de 


y AF 


set 


ry 


) 


fresidaa/ 7wist CAiin. af Arc 


Efile 34 


A = ae i 
— 7 's Py ee | 
a - ba i ee 
a ae Ag) ie 


ee 
ier ee ante) ball 


ata Pid! Oi Sal 
oe : 7 ee \J 7 
: —— & — ¥ 4 ’ 
; ¢ i 
oe - v 7 am 6 


= .* 
- 


ae 

, 

= 
> 
i 


a in — ; 

ee A _- a a : = s @ 

> >» . 7 . ~ 
= Ph 7 oe : 2 ale ip Al > A : 

_ i: nn 2 ait Con or - = we ty a 
a re at ; : = es fy \ = 
= ’ i? re 
=e ite q a ake \ a 7 = 

er | = 

lake 
| ‘ _ y a : 

a 7 . ¢ =I 
oa 7 7 io a 
eet oe bbe te 
‘-_ ’ a 
any * - - 
ig 
i) 
Jean: 
7  « 
7 Pay 


Serer t 
Tatts 


pees 
+ 


paees 9O9 89000 00608 00: 
+ > poses * + 
3 + ++ 590 68 ceas 
. - pees s OS SH GOS 
+ 
. 


t eeeee 


N 


(sa) “9 Ssays perp vobve; 


wun key 


Presidual Twist (Nn. of Arc) 


>), 


aon aor i 
Sa Lae 
Ne Gu a i 


- 


— 


‘ 
a Wig ln yl 
s 


pee BSGSS SSS: 


thscepestthreptice 


is 


fin ine 
et En Ht 


| boise 
} } 

| SESS SSSSe 
| 5 

Pee ; 


59% (15) “9 “ssyge Jeep wrbuy land yy 


Residual Twist (Minutes of Arc) 


a” } asda. Wi 7 b toe 
- f ” Py Tinie ee 
J or 6 " Ky ea ia : 


oun » 
Sa tigit asi 
\ hf 


Mia 


ai?” 


im p i aa _ > 
Mii. bie ; ie - a) | : 
rw aw)! nN md 
be oh ‘= pest eat is rps ry : arty : ,. z 
~ gi] ee nO eae ae in 
: (as peo wind, \awa dh. 


Part... teat om Soeckeens 3. - 19 


These tests were, on & qualitative basis, eaurpricingly 
consistent. Figures i to 4 show Shat on all specimens where 
more than one run wae asada, the residual twist fer a given 
naxienm tangential strevs decreased ae the sores etress ine 
ereased. “his is further substantiated by Figures XV and kVi,. 
Figure AVY shevws the results for two specimens with the sene 
eurfaee finish (1,0), ome specimen being beveled at the ends and 
the other avbeveled. Figure AVi opmpares four specimens Aaving 
oe 4/0 finish. These figures show the sane offeet of noranl strese. 

Figures XV1l and AVU1i8s show the effect wien surface finish 
is varied while sermal stress is whintained constant. Jigare 
Vil gompares threes differant fiaishes ot approsiaately the 
sane norms] stress (70,000 pei). It ie seen that, for a given 
Value of saxinum tangential stress, the residual twist varios 
with the roughness (i.e., the roughar tee surface, the greater 
the resideal twhet). Pigure (Vili-’, which compares two epeeinens 
with surfaces finishes of 4/0 and 1.0 at a low normal stress, 
(approximately 24,500 pei), ssowe that the reeidusl twist in- 
crenees with the surfege smoothness. 

if the above results are valid, there should be some valus 
of noraal strese at which the resides) twist for « given aaxinas 
tangential stress for beth 4/0 and 1.0 finish are the same. ‘This 
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is borne out by comparing the curve in Figure LY for speciaen 
#10, surface finish 1.0, Sam 4, noresl strese 46,800 psi with 
curves in Figure XVI for specimen @3, surface finich 4/0, Bune 
1 and 2 with soruel stresses: of 44,600 amd 52,100 nei reepece~ 
tively. This comparison chows thet there is @ trougition range 
for normal stress in which the effeet of surface finish on 
residunl twist reverses (i.e., sooth finishes give more twist 
than the rough finishes below this range and less twiet above it). 
In evaluating our results some inforsation upon the accuracy 
ef the readings in im order. One soale unit of the optic vernier 
in the microscope eyepiece represents 6.490 minutes of twist for 
the first six specimens and 0.457 winutes for the succeeding 
ssecimens. he reason for the difference is that «@ 7-1/2 inch 
indicator arn was substituted for the original 7.0 inch indicator. 
Readings were estinsted to the nearest tenth of « seele unit. 
This allowed an accursay cf plas or minue one tenth scale unit 
er 0.0499 and 9.046 ainutes of twist respectively. 
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Fert 2. Tests om Specinans 12 = 14. 


Gosparing figures X11 through KI¥, it ie noted that the 
results for these runs «ere aot ae consictent as those in Fart 1. 
Figure All dees aot show the residual twist decreasing with in- 
creasing normal stress as was obearved in Fart 1. Figures XILl 
and iY show this trend only sligatiy. 

Figure AVill which compares the affects of surface finien for 
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A normal stress of 21,830 psi shows that the 4/0 finish gives 
more residual twist than the 1.0 finish for auy given saxinun 
tangential strose. This is in accord with the results in Part i, 
as shown in Figure XVITI-A. 

As in Part 1, @ brief eaxplenation of the nemurscy of the 
readings will be Aelpful in evaluating these resul te. 

In thie series of tests, ae noted in the Precedurs, two 
indicator aree were used. For one arm the sacureacy of reading 
wes plus er sinue one tenth scale usit. For two arus, therefore, 
our sceuracy wae decrensed to plae or alnus two tenthe of a 
seule unit. This means our readings of twist are seourate to 
enly plus or sinus 0.092 mimtes of twist. Thus, in Figures 
X11 through AIV the aceureay of the comparison is the eum of the 
aceursey of each curve or in other wore the comparison can be 
accurate to only plas or sinus 0.184 ofnttes of residual twist. 
This peesible range of errer is such greater than any of the 
observed differences show: in the curves, henee it is felt that 
this date cannot validly be used te deteraias the effect of 
normal etress on residan] twist. “Aindsight is aduittedly better 
than foresight. it would heave been better to have used « wuch 
wider renge of normal loade. ‘Sowever, sur apparatus weald not 
permit this and time limitetions prevented sesexbling sew apparatus. 
Another solution would be the use of a more powerful wicroseope 
with a finer optic vernier acale. 

Figure XVIII is set rendered invalid by the above liaits on 


¢ wi | 
a 


P — ny manny Op add : 


ing CRE, L8 UC newts Leertoe 


tai arty eh tok Moke? OOF ‘wid east dude a y oa 


mibecsaphapenehertennten mneerapived etet “saint Sod detoqanes 


imran a ; i 


git “te nokdnnatgee telvd 2 ok auet a WA” 


arteries Wace in lng a; 
(otto atinet Oe imate <0 atity 8 Bokmoteed ooo wromunte Haid 


rae te tt nin te tes wtelen 


nes nag oe stat tated bo Wades SELLY mente to ently eft a 
| ade aire aca BE montuecabe ond te ‘germane one VIX ayment 11 | 4 


bth woateieoe ond sited weite mt ao wets Kens Yo Yee 
stati Leah 200s te Suthers BOLO amnte wo mete Glos oF sterueER 
ae ‘te YEN wale seseeTy, dome et sore tw eReay ptdtecog eat 
a) sie af G2 eowet were wilt at avode eonmmet tis Sovieed 
Ro Peete ade eadareteh of hoaw of <tktisy founen ofed pate 
| wotsee WUbsttinbn at tiptadcth date Lepbiewr ao teotte Lome 
| na Ameer, ME Of OAFAE REE wee Dime OR atilghewne® ant 

| Gyokeeete Lotion: oxen & le MH aft 66 iver wetting wedtea, 
 pelnae RAM BoGD Wem 2 detw 

Be Apia, wveds edt YW Aisavak goraney dee of TELYX otonrt 


- ¢ ey i, 
me austld oe eae 
% o. o 
% 
4 é 
- [> ed ’ 
' 


pe A es on book 
x r ei "* \9@tewer sande pabdentave db fetated a itt anit —.. 
oe wre st RE Beton ex ee ‘We wetvas ah a e . 
5 ; « } 


the accureey of the readings since for the larger velues of 
naxiawn tangential stress the difference in residuel tvist due 

te surface finish te greater than 9.194 winates of reeidusl 

twist and hence, these resulte are valid for qualitative analysis. 


The resalte of this work clearly show that aetal interfaces 
de exhibit elastic behavior. The following explanation is offered. 

it is well xnown that all seteal curfaces regardiess of the 
degree of surface finish are covered with ennll irregularities 
ealled asperities. ‘These will vary with the degree of surface 
finish from Jagged peake to rolling downs. It ie believed thet 
theee asperities act as cantilevers. 

The eeleulations in Appendix © show that if the aeperitias 
are aegumed to oct as bulk aetal, then to account fer the residual 
twist vould require an seperity height whieh ie much too large. 
Sowever, it. the asperities are asgumed to be cantilevers, sn 
asperity height ean de calculated thet te of the seme order of 
uagnitude a9 that seasured by = profilometer. 

Parther, the centilever theory offers an explenation for the 
transition renge mentioned earlier in Part i. 

Bowden and tavor ‘*) state that the “real contact area" 4s 
Gireetly proportional to the normal load end is independent of 
aurface finish. It is known that the nuaber of asperities will 
ineresse and the beight will decrease vith the degree of surface 
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finiech. Therefore, for any normal load, s smoother surface finish 
will heave wore asperities in contact, but the asperity height 
will be less than that for the rougher surface. 

The height of asperity alco depends upon the uoraal lead 
since the tips of the aenerities will flow slseticslly to 
secomedate this load. There ic & Limit te thie plastic flow in 
the asperities, appsrestiy, for Bowden ond favor ‘*) snow 
 phetegraphiesiiy (late Ll) that even when the noreel load is 
great enough te cause the bulk mete] to flow plestiealiy, the 
agperities retain taceir identity. 

Tras, the twist for a given maximum tangential stress ie 
dependent on the nasber of asperities snd the noraal lead, since 
this load affecte the asperity aeight. for low neraal stresces, 
apparantly the nusber ef cantilevers offaete the effect of the 
shorter height in smcoth surfeces as shown in Vigures AVI] and 
_ RVIlied, As the normal ctrese is inorensed and the liait of 
plastic flow te recehed im the agperitias, the nedgeht differential 


becomes the controlling factor sffecting twist ao that the asperities 


on the emcother surface display leae twist than those on rougher 
_ warfaoes. 
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ONS AND G. 


is concluded that; 

The asperities in steel interfaces contribute materially 

to the elastic twist. 

The elastic twist due to an interface, for a given 

value of moximum tangential stress, decreases with 
norma 

increasing stress. 

The effect of surface finich is most interestingly 

affected by normal stress in that a transition range 

exiete for normal strese. Below this range the smoother 

finish gives the greater elastic twist, whereas above 

this ranges, the rougher finish gives the greater twist. 

All the above effects are explained if the asperities 


are considered to behave as cantilevers. 


is recommended that: 

Further investigations be made of the transition range 
for degrees of surface finish other than 1.0 and 4/0. 
Annular specimens be tested over a greater range of 
normal stresses. 


Metals of different physical characteristics be studied. 
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4¢ in the eoction on frovedure, the diseureion will be 
separated inte two parte corresponding te tha two experizental 
methoda aed. 

In the first, preatiosl considerations prevented location 
of the indicator ara exactly at the interface. ‘Consequently 
the seseured twist coneisted of two parte: 1, that contributed 
by the interface; 4, thet contributed br twiet of the specimen 
between the interfece and the angle indiestor. 

Since the angle indicator wae attached te the snecizen by 
pointed set ererews, the disteres between it and the interface 
could be deteruined with « high degree ef ecouracy. owever, 
to determine the tviet of the evecimen remuired deriving on 
ezprestion for conputing the twitt in thet pert of the specinan 
thet wee bevelled. Yhe derivetion te given below. 

Sefer to Pigure XX, Coneiter » plane perpendicular te the 
axis of epecinen intersecting the specimen ot % distance "x" 
from the interfece. The sheer strece existing in thie inter 
section is given by (4) 


Shear stress = or tt. o (2) 


G = modulus of elastiotty in shear (for cur specinen @ © 12 x 10° 


pounds per squsre inch). te eagle of twiat per unit length, 
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The moment of the shesring force about the axis of the specimen 
for this slesent of area te Orda 

The tetal menent about the axrie of the epecimen gust equal 
the effective torque in the epecimes. Aa oxpleined in the 
Procedure, the effective torque equale one salf the applied 
torque. Therefore, 


(3) 


r 
‘= ifj2?, = fs F rth 
Substituting equations (1) and (2) inte equation (3) 


f 
2 fare ~it 2 a (4) 


Pry any given :lane perpendiculer to the axis of the apec- 
x 
imen, is independent of r. Therefore equation (4) can be integrated. 


1,2 7 ott 54 (s) 
Rearranging gives 
A t, dx 
~ 46 o r ost {6} 


It is evident in Figure << that r is related to =x by 


r= r+ A545 » = + ke (7) 


T) @ radius at x 0 (1.06, 7 © a/2). 
R = vadinus at xe 2 (4.0., 2» 3/2). 


Substituting equation (7) inte equation (6) 
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nh w B/2 


Performing this substitution gives 
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v Tor [ & ~ (3) J (10) 
this can be expreesed more conveniently for our purposes by making 
the following substitutions 


Y% = twist in minutes = {821280)4) 
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The twist in the epecimen between x = £ and my a (1.e., 
vetween the upper end of the bevel and the indieator arm) oan be 
easily calculates ‘4?, 
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This can be expressed in the same convenient form as equation (11) 
Y, ~6 2 
= 3.205 x 16 . (13 
0 a 4 ) 
Thue the total twist im the specimen between the interface 


and the indicator arm is 


y =% + Cm. of Arc! (14) 


The total twist as computed ebove is subtracted from the ob- 
served twist to obtain what we have called “residual twist" 
and designated Y» ° 


Y=ah-% (15) 
| with the annal@f specimens, it wae possible to use a contrel 
specimen ae devcribed im tho precedure. Thie versitted us to obtain 
& Value for twist per gram iceh of torque per inch of rr-sciszen 
length under actual experimental conditions. For aubsequent runs 
it was possible to compare the observed twiet with whet the twist 
would have been if there bad been no iuterface. Asa before the 


difference was called “residual twist". 
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SUPPLEMENTARY DISCUSSION 


in the Discussion of Results it wae suggested that the 
residual deflection could be accounted for by assuming the 
asperities to act as cantilevers. The following calculations 
support thie theory. 

Piret, neglecting the cantilever effect and assuming the 
asperities behave as bulk metal leads to e calculated asperity 
height that is mech too large. For example, consider a 
specimen of the type used in the first part of the work. 


(4) 


Bquation (8) in Bowden and Tebor gives 


A — © (1) 


A, = real ares of contact 
Fy = load normal to surface 


P,, * "ean pressure over area of contact. 


Mopeover, the tips of the asperities will deform plastically 
when 


a, = oF 


ec @ «a constant that depends upon size and shape of 
asperities. For the surface finishes of our specimens, c = 3. 

Y = elastic limit of deformed metel at tip of asperities. 
Here we will assume the elastic limit equals the proportional 
limit. Therefore, Y = 60,000 psi for our specimens. 

Substituting p, = 3(60,000) = 180,000 pei in equation (1) 
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4, ™ 790,000 (3) 
From strength of materials, we have 


¥ 
bo ql (4) 


Sy 


A = apparent erea of contact (i.e., area of bulk metal 
at surface) 


Sy = normal stress. 


From equations (3) and (4) 


A 5 
k§6©™ «6Ye0,000 (5) 


Assume the total contact area, A ” to be a cirele of diameter 
a4. This assumption reeulte im the minimum caloulated asperity 
height*. 


= ee ee ee ee ae ee a a a a 


* Consider, instead, that the contact area ig an annulus with 
outside diameter, 4,, ani inside diameter, dy, and an area 
equal 4o the real aree of contact 


«© eg Puokta*_a? 
It is easily demonetrated from the formulae for twist in a 
shaft that if equal torques ere to couse equal angles of 
twist, 


3) ar hh 
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where h is the uelght of « solid cylinder and h, is the 
height of the corresponding annulus. 
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Therefore, 


(6) 


bn. 


186, 000 


a4 = diameter of the specimen at the eurface. 

The area will increase from A, to A in going from the tips 
of the agperities to the bulk metal at their roots. in the 
section on Procedure, an equation was derived for the twist in 


acone. Applying this gives 


Y, id 3 3 
<2, S2ni0 [qh -ey la 


%, = the observed residual twist in minutes. It is 
divided by two since there are two surfaces in contact at an 


interface and we are considering the effect for one surface. 
a-d4 
kt = a where h is asperity height. 


a © the applied torque in gram inches. 


Substitute for k’ in equation (7) 
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% ~ (5-36 x10) [ Ge) a (2) 14, (8) 
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Solving equation (8) for h 
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h = —i—__- ( E.R] <2. (10) 
21,44 x 10 (180.090 ) st & 


Based on test data, the following asperity heights were 
computed using equation (10), to illustrate the orders of 
magnitude obtained when considering the asperities to behave 
as bulk metal. 


Specimen 9, Hun 2. 
4 = 0.0949", Sy = 63,700 psi, & = 630 gram inches 
4 = 0.948 minutes, surface finish: 4/0 


ot 


he 6.12 x 10 inachee. 


Specimen 1. 
ies i = 0.125", Sy = 24,500 pei, Q = 625.86, Ye = 1.229 


minutes, surfrace finish: 4/0 


=3 


h = 7.50 x10 ° inches 


Specimen 8, Hun 1. 
a= 0.0958, 5H = 69,000 pei, Q = 3230 gram inches 
% = 0.511 minutes, surface finish: 1.0 


3 


h = %7.202x10 ° inches. 


Yor purposes of comparison asperity heights were measured 


with « profilometer. Yor a 4/0 finish, before applying any normal 
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load, 


h = 6.0% 107° inches 


When a normal stress of 21,830 pei was applied 


h = 4.5 = 107 inches. 


Zhen the asperities are considered to act as cantilevers, 
the calculated height is found to be much closer to the mea- 
sured. For the purposes of simplification consider an annular 
specimen such as was used in the second part of investigation. 

Starting with equation (3) above, 


r 
A. = Ta0,000 


The mamber of asperities in contact can be found by 


4’ 
ti- (11) 


“, 


® = number of asperities in contact 


Ay - cross section area of average asperity. 


* 


Consider the average asperity to be at the mean dianeter 
of the annulus. The torque action on this asperity is a. 
and the foree deflecting the asperity is 


—- (12) 
+... 
a) 
a, = mean diameter of the annulus. 


The maximum deflection of a cantilever due to a load at 


ite free end is 
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= maximum deflection of cantilever in inches. 


S 

Pp = load at free end in pounds 

Il = Moment of inertia of cross section about neutral axis. 
J = ength of cantilever in inehes 

& = modulus of elasticity in pounds per square inches. 


Rearrenging equation (13) 
g§ « mee (14) 


In this case the cantilever length, / , is equal to the 
asperity height, h, in inches. ‘the deflection, Jf , is also 
equal to one-half the residual twist,  , ( im radians) 
times the mean radius, a . One-half the residual twist 
was taken since there are two surfaces in contact that contri- 


buted te thie displacement of 


(radians) a 
Siw a= a x i (inches) (15) 


Assuming that the asperities are of square cross section 


-8 


with an area of 25 x 107° cm? and substituting equations: 


(3), (11), (12), and (15) into (14), gives 


z. 2 
LF « »* = 2.67 x 107° Arn (a) (inehes)* (16) 


where, a. = 0.211 inches for the specimens tested. 


Taking data for Specimen # 14, Run 3, as an example, 
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F, = 310# A = 0.6582 minutes 
Q, = 900 qu-inches, surface finish = 4/0 


Substituting the above data inte equation (16) gives the 


following estimate of asperity height. 


h = 6.02 x 107 inches. 
In contrast, the asperity height as measured by profilometer 


and os enloulated ty equation (10) are 4.5 x 167° 


and 7.6 x 107° 
inches respectively. 

4g en additional point of interest, the maximum bending 
stress can be calculated using the data for specimen 14, fun 3G, 


above. . 
Os ~ ane = —nhe (17) 


oy * maximum bending strees in a cantilever due to 
lead p. 


© < wsmexiwun distence fron acatrel axis = 2.5 x 10°" os 
for the essumed asperity. 


Other quantities, as defined in equation (13). 
Substituting equations (5), (11), and (12) inte equation (17) 
and solving, 


Gy 1.9 10° pes. 


This is further support to the theory that asperities can 
withetend much larger stress than the bulk metel and still re- 


tain elastic »vroperties. 
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DEPINITION OF SYWROLS 


Area (square inches). 

Diameter of solid specimens at interface (inches). 
Maximum diameter of solid specimens (inches). 

Inner diameter of annular specimens (inches). 

Outer diameter of annular specimens (inches). 

Young's modulus of elasticity (pounds per square inch). 
Conversion factor to convert angle of twist in scale 
units, & , to minntes, VY. 

Force nermel to interface (pounds). 

Modulus of rigidity (pounds per square inch). 

Length along solid specimens from r-r, to r = R (inches). 
Length along annular epecimens between indicator arms, 
(inehes). 

nimethohene solid specimens between base of bevel and 
indicator ara. 

Applied torque (gram inches). 

Radius (inehes). 

Radius of solid specimens at interface (inches). 
Maximum radius of solid specimens (inches). 

Normal stress at interface due to ?,. sy equals *Y/f 
@ivided by the area of the interface, (psi). 


Maximum tangential stress in interface due to applied 


terque, (psi). 
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Torque applied to specimen (pound inches). 
affective torque st interfeee (peund inches) = 


Shesr etrese (pei). 


Angle of twist (radians) per unit length (inches). 

Total theoretical angle of twist in length -¢ . (radians). 
fotal thecretical angle of twist in length LL (redians). 
Caleulated corresponding angle of twist in minutes for 
annular specimens if there had deen no interface between arms. 
otal theoretical angle of twist in length ©. (minutes). 
Total theoretical angle of twist in length ©. (aimtes). 
Observed angle of twist (minutes). 

Residual asgle of tviet or residual twiet (minutes). 
Oveerved engle of twist in seale unite of the optic 
vernsier. 
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